Milgrom's modified Newtonian dynamics (MOND) can explain well the mass discrepancy problem in galaxy without invoking dark matter. The MOND theory predicts a universal constant acceleration scale in galaxy, below which the Newtonian dynamics is no longer valid. Recently, Rodrigues et al. analyzed 193 high-quality disk galaxies by using Bayesian inference and they concluded that the probability of existence of a fundamental acceleration scale is essentially 0. In this paper, we use the same method to revisit the same question: Is there a fundamental acceleration scale in galaxies? We fit each galaxy rotation curve of 175 SPARC galaxies with Gaussian priors on galaxy parameters and a variable acceleration scale. After marginalizing over the nuisance parameters, we find that the marginalized posterior distributions of the acceleration scale become broad. The incompatibility between the global best fit and the marginalized posterior distributions of the acceleration scale is greatly reduced. However, there still exists evidence that rejects MOND as a fundamental theory. More accurate observations are needed to exclude or confirm the existence of a fundamental acceleration scale in galaxies.
INTRODUCTION
In galactic scale, the mass discrepancy problem (Rubin et al. 1978; Bosma 1981) has been found for many years. The approximately flatness of rotation curves in disk galaxies is faster than that expected from the luminous matter (stellar and gas). Therefore, it seems that there needs a significant amount of non-luminous matter, i.e. the dark matter in galaxy system. As the cornerstone of the the standard cosmological paradigm (ΛCDM), there are many strong indirect evidences that support the existence of dark matter. But up to now, no direct evidence of its existence has been found (Akerib et al. 2017; Aprile et al. 2017; Cui et al. 2017) . A successful alternative to the dark matter hypothesis is the modified Newtonian dynamics (MOND, Milgrom 1983; Sanders & McGaugh 2002; Famaey & McGaugh 2012) , which attributes the mass discrepancy in galaxy system to a departure from the Newtonian dynamics at low accelerations. According to the MOND, the Newtonian dynamics is modified as the form, aN = µ a a0 a or a = ν aN a0 aN,
E-mail: zhouyong@ihep.ac.cn where aN is the Newtonian acceleration, a is the kinematic acceleration, µ(x) or ν(y) is the interpolating function. The interpolating functions obey the relation µ(x)ν(y) = 1 and have a characteristic acceleration scale a0. The MOND theory predicts the acceleration scale with a0 = 1.2 × 10 −13 km s −2 , and there have two different asymptotic behaviors around this value. In the Newton region a a0, the Newtonian dynamics is recovered and a = aN. In the deep-MOND region a a0, the Newtonian dynamics is invalid and a = √ a0aN. With an assumed constant acceleration scale, the MOND can explain well the flat rotation curves in outer part of disk galaxies. In particular, it naturally deduces the well known global scaling relation, the Tully-Fisher relation (Tully & Fisher 1977; McGaugh et al. 2000; Lelli et al. 2016b) . Although many astronomical observations on disk galaxy show a universal constant acceleration scale, whether the acceleration scale is a fundamental constant or not, is still an open question. In fact, the acceleration scale is treated as a free parameter to fit the galaxy rotation curve, and different galaxy may somehow have different acceleration scale (Begeman et al. 1991; Swaters et al. 2010; Chang et al. 2013) . ticular, the MOND theory is ruled out as a fundamental theory for galaxies at more than 10σ. However, their conclusions were built on flat priors on the galaxy parameters. The observational uncertainties of galaxy distance and inclination have been ignored Kroupa et al. 2018) , which have significant impact on the distribution of acceleration scale. It is interesting to note that there has been another study (Li et al. 2018, hereafter L18 ) that analyzed the same SPARC galaxy sample but found almost the opposite conclusion. They used an excessively strong Gaussian prior on acceleration scale which limits the variation of acceleration scale within a narrow region. The result based on a flat prior on acceleration scale is excluded by comparing the cumulative distributions functions (CDF) of reduced χ 2 . This method was doubted by Rodrigues et al. (2018a) . In this paper, we use Bayesian inference to revisit the same question: Is there a fundamental acceleration scale in galaxies? It is argued that before Bayesian inference, one can't ignore the already existed information about the fitted parameter or take excessively strong prior. The flat priors on galaxy parameters are improper in this analysis. We use Gaussian priors on galaxy parameters and a variable acceleration scale to fit each galaxy rotation curve of 175 SPARC galaxies. We obtain the posterior distribution of acceleration scale by marginalizing over the nuisance parameters. Then, we can compare the marginalized posterior distribution of acceleration scale for each galaxy with the global best fit of acceleration scale. If the global best fit is compatible with each galaxy, then the MOND theory could be still a fundamental theory and there exists a fundamental acceleration scale in galaxies.
The rest of this paper is organized as follows. In Section 2, we make a brief introduction to the SPARC data set. Then we introduce the Bayesian analysis, especially the choice of Gaussian priors. In Section 3, We analyse the MCMC result for galaxy NGC6195 and compare it with that from R18 and L18. Then we compare the marginalized posterior distribution of acceleration scale for each galaxy with the global best fit of acceleration scale. Finally, conclusions and discussions are given in Section 4.
METHODOLOGY

SPARC data set
The Spitzer Photometry and Accurate Rotation Curves (SPARC) data set 1 (Lelli et al. 2016a ) is a sample of 175 disk galaxies with new surface photometry at 3.6 µm and high-quality rotation curves from previous HI/Hα studies. The surface photometry at 3.6 µm provides the stellar mass via the mass-to-light ratio conversion factor. The gas mass is provided by the 21cm observations. Most of galaxies have disk component, only a few of galaxies have extra bulge component, both of them constitute the stellar component. In total, the galaxy baryonic mass profile comprises disk, bulge and gas component and we consider no dark matter. In SPARC data set, the mass profile is represented by velocity at a given radius, so the total baryonic velocity is
1 http://astroweb.cwru.edu/SPARC/ where Υ d and Υ b are the mass-to-light ratios for disk and bulge component, respectively. According to the MOND theory, the theoretical centripetal acceleration is tightly correlated with the total baryonic mass profile,
where g bar = V 2 bar /R is the baryonic acceleration and the acceleration scale a0 is treated as a free parameter to investigate its variation from galaxy to galaxy. The RAR-inspired, simple and standard interpolating functions are used here, respectively. The RAR-inspired one comes from the radical acceleration relation (RAR) (McGaugh et al. 2016 ) and the simple and standard interpolating functions are mostly used in early study on fitting galaxy rotation curves (McGaugh 2008; Famaey & McGaugh 2012; Hees et al. 2016 ). Then we can deduce the theoretical rotation curve at every radius,
Thus, we can compare the theoretical rotation curve with the observed rotation curve V obs . For individual galaxy, there are five factors that could affect the galaxy rotation curve. First, the stellar mass-tolight ratio Υ could affect the total baryonic matter profile and then affect the theoretical rotation curve V th . Second, uncertainties in galaxy distance affect the radius and the mass profile of baryonic components. If the galaxy distance D is changed to D = DδD, where δD is a dimensionless distance factor, then the radius changes according to R = RδD and the baryonic component velocity changes to V k = V k √ δD, where k denotes disk, bulge or gas. Third, uncertainties in galaxy inclination only affect the observed rotation curves and its uncertainties. If the galaxy inclination i is changed to i = iδi, where δi is a dimensionless inclination factor, the observed rotation curves and its uncertainties change according to V obs = V obs sin(i)/ sin(i ) and δV obs = δV obs sin(i)/ sin(i ). Fourth, even the MOND theory predicts a universal constant acceleration scale, we treat the acceleration scale as a free parameter which affects the value of interpolating function ν(y) and then affects the theoretical rotation curve V th . Fifth, the different interpolating function in equation (3-5) also affects theoretical rotation curve V th . More details could be found in L18 or R18. An example of galaxy rotation curve for galaxy NGC6195 is shown in Fig. 3 .
Bayesian analysis
In order to fit the rotation curve for individual galaxy, we implement the Bayesian inference by using the affine-invariant Markov chain Monte Carlo (MCMC) ensemble sampler in emcee (Foreman-Mackey et al. 2013 ). The posterior probability of parameter space is Inclination relative uncertainties Figure 1 . The relative uncertainties of galaxy distance and inclination for 175 SPARC galaxies. The first 100 galaxies are selected by 5σ quality criteria in R18. The shaded regions represent relative uncertainty within 20%. The red dots mark the best fitting values of distance factor obtained from the minimization of χ 2 in R18.
and
where N is the number of data point for individual galaxy, the observed rotation curve and its uncertaintiy at the radius R k has been changed to V obs,k and δV obs,k with a dimensionless factor δi. The theoretical rotation curve V th at the radius R k is predicted by the MOND theory (with a given interpolating function) with given parameters {a0, Υ d , Υ b , δD}. The prior probability is the product of respective priors,
. Finally, we marginalize over the nuisance parameters set {Υ d , Υ b , δD, δi}, and the 1-d marginalized posterior of a0 is as follow, P (a0|SP
The Bayesian inference needs priors that account all the information about the parameter space before analyzing the SPARC data set. In previous work, L18 used Gaussian priors on galaxy parameters while R18 used flat priors and they got almost the opposite conclusion. Fig. 1 illustrates the relative uncertainties of galaxy distance and inclination for 175 SPARC galaxies. In upper panel, the relative uncertainties of galaxy distance range from 5% to 30% according to different observational methods. The shaded region represents a tolerance of 20% which is adopted as the range of fitting parameter in R18 and they found most of the best fitting values of distance factor locate at the boundary. This range regarded as a flat prior may be improper, the existed uncertainty is ignored and the truncation may affect the distribution of acceleration scale. In addition, their study ignored the uncertainty of galaxy inclination which also affect the distribution of acceleration scale. In L18, Gaussian priors were imposed with the uncertainties of galaxy distance and inclination. In this paper, we use the same Gaussian priors on the galaxy distance and inclination factor. The same case happens to the choice of prior on the stellar mass-to-light ratio. R18 took a tolerance of a factor of 2 on the stellar mass-to-light ratio while L18 imposed a Gaussian prior accounting for the stellar population synthesis (SPS) model (Schombert & McGaugh 2014) . We take the same Gaussian prior on the stellar mass-to-light ratio as L18. Before the Bayesian inference, there is no information about the acceleration scale for individual galaxy. One can't take excessively strong prior on it which limits the variation of acceleration scale within narrow region. Here we take a very weak Gaussian prior on the acceleration scale. In order to compare our result with R18 on the distribution of acceleration scale, we use the same notation that a0 in the posterior probability stands for log 10 a0. Specifically, the Gaussian prior on each parameter is represented as the normal distributions:
2 ), where log 10 (1.2 × 10 −13 ) ≈ −12.921. We also impose physical constraint on these parameters as follow:
RESULT
We use emcee (Foreman-Mackey et al. 2013 ) to implement the Bayesian inference and initialize the MCMC chains with 100 random walkers. We run 500 steps in the burn-in phase and another 2000 steps in the production phase, which is enough for our purpose. We also check the acceptance fractions for all galaxies within the range (0.1, 0.7) as L18. Fig. 2 shows the example of the Bayesian analysis with Gaussian priors for galaxy NGC6195 using the RARinspired interpolating function. The same Bayesian analysis of this galaxy is also represented in R18 and L18. In Fig. 2 , we find that there is no strong correlation between the parameters when Gaussian priors are employed. It is the same with the result in Fig. A .1 of L18. But in Fig. 4 of R18 supplementary, there showed strong correlations between the parameters when flat priors were employed. The flat priors have no constraint for whole parameter space and the posterior is only determined by the likelihood, which ignore the existed uncertainties and lead to the maximum of posterior on Υ d locating at the boundary. It also happens to other parameter, especially for the distance factor δD in most galaxies. The Gaussian priors which account for the existed information are more reasonable to constrain the parameter to be physical and not far from the expected value. L18 showed the Bayesian analysis with Gaussian priors for the parameter space {Υ d , Υ b , δD, δi} and fixed the acceleration scale at a0 = 1.2×10 −13 km s −2 . Fig. 2 shows that a variable acceleration scale could reduce the variation of other parameter. The maximum of marginalized posterior is log 10 a0 = −13.115, Υ d = 0.325, Υ b = 0.714, δD = 0.999, δi = 1.008. In addition, it also shows that the Gaussian prior imposed on a0 is almost flat respect to the marginalized posterior, there is extremely weak constraint on the distribution of a0, which prevents a0 too small. In Fig. 3 , we show the rota- tion curves for galaxy NGC6195 by using the maximum of marginalized posterior. A similar fit is obtained as well as L18.
The same Bayesian analysis with Gaussian priors for all 175 SPARC galaxies are also implemented. In order to obtain the marginalized posterior distribution of a0 for individual galaxy, we marginalize over the nuisance parameters {Υ d , Υ b , δD, δi}. In R18, four quality cuts had been performed to exclude the galaxy with poor quality or poor fit. Only 100 (81) SPARC galaxies passed the 5σ (3σ) quality criteria. These quality criteria together with the maximum of marginalized posterior of a0 and its 1σ, 3σ and 5σ confidence intervals for the RAR-inspired interpolating function are summarized in Table A1 . Fig. 4 shows the marginalized posterior distributions of a0 for those galaxies passed 5σ quality criteria. When Gaussian priors are used and the galaxy inclination is considered for the Bayesian analysis, we find that the marginalized posterior distributions of a0 become broader than that in R18, especially for the high or low acceleration range. This feature is held for the simple and standard interpolating functions. We also perform the global best fit and estimate the confidence level in rejecting MOND as employed in R18. As shown in Fig. 4 , the percentages of galaxies whose 5σ confidence intervals are incompatible with the global best fit is greatly reduced when Gaussian priors are employed. The statistical result is described in Table 1 . There are only 4 galaxies comparing to 15 galaxies in R18, among the selected 100 galaxies, are incompatible with the global best fit by more than 5σ. Most of these galaxies have large acceleration scale. At low accelera- tion range, those galaxies among 15 incompatible galaxies in R18 are compatible with the global best fit when Gaussian priors are employed, even though three galaxies are still incompatible for the standard interpolating function, but the discrepancy is greatly reduced. Using any of the three interpolating functions, the confidence level in rejecting MOND with Gaussian priors is nearly 25σ, about half of 50σ in R18. Fig. 5 shows the marginalized posterior distributions of a0 for those galaxies passed 3σ quality criteria. There are only 4 galaxies, among the selected 81 galaxies, are incompatible with the global best fit by more than 5σ. The confidence level in rejecting MOND with Gaussian priors drops to 22σ, about half of 45σ in R18. In L18, they also investigated the question whether the value of acceleration scale is truly a constant. They made Bayesian analysis with both a flat prior and a Gaussian prior on the acceleration scale. The Gaussian prior they used is a0 = (1.2 ± 0.02) × 10 −13 km s −2 , which comes from the overall fitting of RAR for all SPARC galaxies (McGaugh et al. 2016) . For individual galaxy, it may be unreasonable to take the overall fitting result as their prior. Fig. 6 shows the marginalized posterior distributions of a0 when an excessively strong Gaussian prior on a0 is employed. Comparing to panel a in Fig. 4 , we find that the tight distribution of a0 originates from the excessively strong Gaussian prior. By comparing the cumulative distributions functions (CDF) of reduced χ 2 (only consider the likelihood), L18 excluded the result based on the flat prior. However, the best fitting value of each parameter is obtained by maximizing the posterior, not the likelihood. As discussed in Rodrigues et al. (2018a) , the CDF of the free a0 has an advantage over the fixed a0 when the prior is included in reduced χ 2 . Therefore, it seems Figure 4 . The marginalized posterior distributions of log 10 a 0 for the SPARC galaxies. Only 100 galaxies passed the 5σ quality criteria are displayed. The black points mark the maximum of posterior and the red, orange and yellow shaded regions are the 1σ, 3σ and 5σ confidence intervals, respectively. The grey dashed line indicates the global best fit of log 10 a 0 . These galaxies are sorted by the maximum of marginalized posterior. Panels a, c and d respectively use the RAR-inspired, simple and standard interpolating functions with the same Gaussian priors. Panel b shows the result of the RAR-inspired interpolating function with flat priors in R18. Global best fit 1σ region 3σ region 5σ region Figure 5 . The marginalized posterior distributions of log 10 a 0 for the RAR-inspired interpolating function. Only 81 galaxies passed the 3σ quality criteria are displayed.
that there is still room for the variation of acceleration scale for individual galaxy.
CONCLUSIONS AND DISCUSSIONS
In this paper, we used Bayesian inference to revisit the question: Is there a fundamental acceleration scale in galaxies? In previous work, L18 used Gaussian priors on galaxy parameters while R18 used flat priors and they got almost the opposite conclusion. We showed that the flat priors in R18 may affect the distribution of acceleration scale a0. We used the same Gaussian priors on galaxy parameters as L18 and treated the acceleration scale as a free parameter to fit each galaxy rotation curve in SPARC data set. A similar fit is obtained for each galaxy rotation curve as well as L18. When Gaussian priors on galaxy parameters are used, we found that the marginalized posterior distributions of a0 become broader than that in R18, especially for the high or low acceleration range. The incompatibility between the global best fit and the marginalized posterior distributions of a0 is greatly reduced. These results are held for all interpolation functions we used. For the RAR-inspired interpolation function, there are only 4 galaxies comparing to 15 galaxies in R18, among the selected 100 galaxies, are incompatible with the global best fit by more than 5σ. The confidence level in rejecting MOND with Gaussian priors is nearly 25σ, about half of 50σ in R18. Besides, we found that the tight distributions of a0 in L18 originates from the excessively strong Gaussian prior on a0. When the prior is included in reduced χ 2 , Rodrigues et al. (2018a) showed that the CDF of the free a0 has an advantage over the fixed a0. Therefore, there is still room for the variation of a0 for individual galaxy.
Although the Gaussian priors on galaxy parameters are employed and the incompatibility between the global best fit and the marginalized posterior distributions of a0 is greatly reduced. There still exist evidence (about half of that in Global best fit 1σ region 3σ region 5σ region Figure 6 . The marginalized posterior distributions of log 10 a 0 for the RAR-inspired interpolating function. Here we impose an excessively strong Gaussian prior P (a 0 ) = N (−12.921, 0.01 2 ) as same as L18.
R18) that rejects MOND as a fundamental theory. The existence of a0 could be an emergent nature as stated in R18.
In our previous work, we find the spatial distribution of a0 could be anisotropic (Zhou et al. 2017; Chang et al. 2018 ), a dipole correction for a0 could reduce the incompatibility in this paper to some extent. Furthermore, as clarified by R18, the SPARC data set are not raw observational data, they depend on galaxy surface brightness decomposition, interpretations of the inclinations and distances, assumptions on axial symmetry and choices for data binning. All of these factors could impact the SPARC data set and then impact the distribution of a0 to some extent. More accurate observations for galaxy rotation curve and baryonic mass profile are needed to exclude or confirm the existence of a fundamental acceleration scale in galaxies. Table A1 . The maximum of marginalized posterior of log 10 a 0 and its 1σ, 3σ and 5σ confidence intervals for the RAR-inspired interpolating function. All 175 SPARC galaxies are represented. The column P 5 (P 3 ) labelling with 1 indicates the galaxy passed the 5σ (3σ) quality criteria in R18. 
